We developed a high-power, continuous-wave (CW), single-frequency 852nm laser source, for the purpose of fourth harmonic generation at 213nm. Our approach is the doubly resonant sum-frequency mixing (DRSFM) with two fiber sources. An in-house single-frequency master oscillator at 1907nm is amplified by an in-house clad-pumped amplifier to 5W, and a commercial single-frequency master oscillator at 1540nm is amplified by a commercial amplifier to 10W. The two beams are combined via a dichroic mirror to a single beam before incident on a dual-wavelength resonator, consisting of one set of dual-wavelength mirrors. The external resonator is locked to the 1907nm laser frequency, and the frequency of the 1540nm is locked to the resonator, realizing double-resonance. With a periodically-poled stoichiometric lithium tantalate in the resonator, the sum-frequency at 852nm is efficiently generated. All 3 waves are in the same polarization (e-ray), allowing the effective use of Brewster-cut device, eliminating reflection loss for all wavelengths without any antireflection coatings. With 4.6W at 1907nm and 7.7W at 1540nm incident onto the resonator, 5.2W at 852nm was generated, representing the efficiency of greater than 40%. The experimental result indicates our current setup will be more efficient with higher input powers at 1907nm. With both fiber sources at 1540nm and 1907nm being scalable in output power, the output at 852nm is also scalable. By the forth harmonic of 852nm, 0.456 W CW 213nm was generated.
INTRODUCTION
Continuous-wave (CW) fourth-harmonic laser sources at 266nm, the fourth harmonic wavelength, are industrially deployed in a variety of applications. CW laser sources at 213nm, a natural next step at the fifth harmonic wavelength, had long been sought for. Demand for shorter wavelengths and higher output powers has been persistent, for example, for higher throughput or for higher S/N ratio in the inspection of semiconductor which keeps shrinking in size, or for the photoemission applications, where shorter wavelength (larger photon energy, 5.8eV for 213nm) allows the observation of materials with larger work function including some common subjects such as gold (5.1eV) . In order to generate 213nm, conventionally the forth harmonic of 1064nm is frequency mixed with the fundamental [1] . However, this approach requires the forth harmonic at 266nm, which is already in the deep UV, to be tightly focused into the nonlinear crystal, hence limiting the operational lifetime of the crystal. Further, the output power will be limited by the availability of the fourth harmonic power. In this paper, we propose a new approach to reach 213nm in CW that is scalable to higher output powers, and demonstrate the CW output at 213nm up to 0.456W. To the best of our knowledge, this is the highest power reported for CW 213nm output.
For the objective of stably generating higher powers at 213nm, we decided to take a different approach [2] ; 213nm is generated by the second harmonic generation (SHG) of 426nm in an external resonator. Besides the generated 213nm, this approach evidently gives the longest of the shortest wavelength involved in the nonlinear crystal. The 426nm can be obtained by the second harmonic of 852nm in an external resonator. To generate high-power at 852nm in single frequency, we chose the sum-frequency mixing as the scalable approach. Other laser sources emitting at 852nm such as Ti:sapphire laser would require suitable pump lasers that are even higher powers, and may not be diode lasers.
can be efficiently generated by doubly-resonant sum-frequency mixing (DRSFM) in an external resonator, in which both the 1907nm and 1540nm are resonantly enhanced simultaneously [5] . Generated 852nm is subsequently converted to 213nm by cascaded external resonant doublers. The resulting output is purely continuous and in single frequency. Figure  1 shows the schematic of our approach. 
IR SOURCE AT 1907NM
The seed laser source at 1907nm is a DBR fiber laser oscillator similar to what is described in a reference [6] . A matching pair of fiber Bragg gratings was spliced to either side of a 10mm long thulium-doped single-clad fiber (Nufern SM-TSF-5/125), and pumped by a single-mode 793-nm diode laser. With 250mW of pump power, more than 40mW of singlefrequency output was obtained after a dual-stage isolator. The 1907nm seed oscillator is free running and does not have the frequency tuning capability. This seed was fed into a double-clad fiber amplifier, pumped by two 9W multimode diode lasers at 793nm in forward-pumping configuration. The output end of the gain fiber is angle-cleaved for free-space output. With the maximum pump power, an output power of greater than 5W was obtained using 2m long double-clad fiber, as shown in Figure 2 . The amplifier is well saturated, and no significant ASE peak is observed as shown in Figure 3 . When longer fiber was used, such as 2.5m or longer, ASE builds up near 1960nm, and eventually exhibited lasing at the peak wavelength of ASE. With higher pump power or multi-stage amplifiers, the output power can be further increased. In a preliminary experiment, we have observed more than 11W output from a second stage double-clad fiber amplifier.
SUM-FREQUENCY MIXING AT 852NM
The 1907nm laser source described above was used in the generation of 852nm by mixing with 1540nm laser source. The 1540nm source consists of a commercial single frequency fiber oscillator (NKT Photonics) and commercial erbium-doped fiber amplifier (IPG Photonics) with maximum output power of 10W. The 1540nm oscillator has the fast frequency control capability. The output from the two fiber sources are combined with a dichroic mirror, after individually modulated in phase at different frequencies for Pound-Drever-Hall locking. This configuration was chosen for the maximum flexibility. In the experiment, the reflection from the sum-frequency resonator is separated by wavelength and 2 photodetectors are used for each wavelength. This could be simplified by using one photodetector and detecting the phase at different phase modulation frequency or modulate the phase after combining with dichroic mirror and detect with two different photodetectors.
The DRSFM cavity consists of one set of mirrors, 3 dual-wavelength high reflectors (dual-HRs) and a dual-wavelength input coupler, ensuring the modes at two different wavelengths overlap in the nonlinear crystal, with one of the dual-HRs mounted on a PZT. The dual-wavelength input coupler has the reflectivity of 96% at 1907nm and 98% at 1540nm. A Brewster-cut, 1.5mm long MgO-doped periodically-poled stoichiometric lithium tantalate (PPsLT) device, poled at 25.37µm for the first order quasi-phasematching for SFM, is placed at the waist of the cavity. As all the wavelengths are in the same polarization, the Brewster-cut device can maintain low loss at all the wavelengths involved, including the generated 852nm at the sum frequency, without any antireflection coatings which can be difficult to achieve low reflectivity at all three wavelengths. The generated 852nm is outcoupled through one of the dual-HR mirrors. The resonator mode has the waist at the PPsLT device with radii of 83µm x 37µm at 1907nm and 75µm x 33µm at 1540nm, respectively. The normalized conversion efficiency is estimated to be 0.5x10 -4 W -1 . With longer PPsLT device, higher normalized conversion efficiency is feasible. The cavity is locked to the free-running 1907nm by controlling the PZT, and the frequency of the 1540nm is locked to the cavity, hence realizing simultaneous resonance of two wavelengths. Figure 4 shows the oscilloscope observation of the DRSFM experiment. Oscilloscope screenshots of 3 different situations are stitched together. In 3 channels of the oscilloscope, the transmission signal from the resonator, reflection from the resonator at different wavelength are displayed. In section I, the resonator length is scanned with the PZT and the frequency of the 1540nm is also scanned, showing the resonance at different wavelength at different position of the PZT. In section II, the PZT is locked to the 1907nm frequency and 1540nm frequency still scanned. In this situation, the floor of the transmission rises to the 1907nm peak, and the reflection at 1907nm drops. The 1540nm reflection dip becomes deeper, and the reflection at 1907nm further drops when the 1540nm frequency comes into resonance. This is because of the better impedance matching condition of the resonator by the depletion of either wavelengths from the sum-frequency process. In section III, the 1540nm frequency is locked to the resonator, so that the two wavelengths both resonantly enhanced in the cavity, efficiently generating at the sum frequency. Figure 6 shows the conversion efficiency from the total IR power to 852nm power for the data shown in Figure 5 . For each 1907nm input power, the conversion efficiency reaches its maximum and slowly lowers with increasing 1540nm power. The 1540nm power for the maximum efficiency increases with the higher 1907nm input power, with the maximum also increasing. With the highest 1907nm input power available for the experiment, the maximum efficiency was 43%. Therefore, higher input powers at 1907nm will enable higher efficiency, and higher output powers at 852nm will be possible. Further, with longer device of PPsLT than the present experiment and revised resonator parameters such as waist size of the resonator mode and input coupling at both 1907nm and 1540nm, the 852nm output power is scalable to much higher powers. Figure 6 . DRSFM efficiency from total input power to 852nm.
Feasibility of further scaling of the DRSFM output is seen from the simulation. With 10W of input power of 10W and at each wavelength, and 0.5% of passive loss of the resonator at each wavelength, 0.5x10 -4 W -1 of normalized nonlinear efficiency, and R=96% at 1907nm and R=98% at 1540nm for the input coupler (same parameter as the experiment, with perfect mode matching), an output power of 13.2W with 66% conversion efficiency is expected, showing good scalability of the approach. The result of the simulation is shown in Figure 7 . The DRSFM cavity had to be sealed and dried, as the water vapor absorption at 1907nm severely affect the behavior of the resonance. Figure 8 shows the oscilloscope trace of the transmission signal from the cavity at 1907nm with the enclosure opened and sealed with desiccant for 40 minutes. In the cavity unit open to the environment, the transmission peak at 1907nm shows substantial broadening while the PZT voltage is ramping down (cavity length is swept longer), indicating self-heating effect in the cavity with negative thermos-optic coefficient. Peak of 1540nm is not affected. We identified this as the moisture in the air. By detuning the temperature of the FBGs of the master oscillator, the significance of the broadening of the peak in the down-ramp could be reduced by a change in wavelength by less than 1nm, implying the absorption feature is sharp, likely from molecular source, and at the constant wavelength, the effect is dramatically reduced by sealing the cavity compartment with desiccant for more than half an hour. In a practical device, slightly different combination of the two wavelengths must be chosen and/or the DRSFM unit must be closed with clean dry air flow. 
HARMONIC GENERATION AT 213NM
With up to 4.02W of 852nm available for the harmonic generation, 2.41W of 426nm was obtained from the first external resonant doubler containing 20mm long type-I LBO cut at φ=90°, θ=27.4° for the type-I critical phasematching at room temperature. The conversion efficiency is 60%.
For the harmonic generation at 213nm, BBO is practically the only choice as the nonlinear material. We used a Brewstercut, 10mm long, Czochralski-grown BBO crystal cut at θ=72.9° for the type-I phasematched SHG at 213nm [7] . The second resonant doubler consists of 3 high reflectors and an input coupler, and a dichroic Brewster beamsplitter; a fused silica plate with the angle of incidence of 56° with the first surface coated for high reflection at 213nm in s-polarization and high transmission at 426nm in p-polarization. Two of the high reflectors are concave with the radius of curvature of 100mm, and all other optical surfaces are flat. The resonator mode at 426nm has the waist of 44 µm (non-walkoff direction) and 35 µm (walkoff direction) in radius. We estimate the normalized conversion efficiency to be approximately 0.5x10 -4 W -1 .
With 2.41W at 426nm incident onto the second doubler, a maximum power of 0.456W at 213nm was observed. The conversion efficiency was 19%, after the 22% loss for the 213nm at the exit face of the BBO crystal. We estimate the circulating power in the doubler to be approximately 100W.
SUMMARY
We used 2 fiber amplifier sources at 1540nm and 1907nm and used DRSFM to efficiently generate 852nm in an external resonator. The maximum output power at 852nm was 5.2W. The operation of DRSFM was discussed. Using up to 4W of 852nm, we demonstrated the highest output power of CW 213nm reported so far, 0.456W, to the best of our knowledge.
With the scalability of the fiber amplifier output, 852nm output power is also scalable, hence the CW output power at 213nm as well.
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